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Abstract. We have used microcalorimeters built by the NASA/Goddard Space Flight Center
and the Lawrence Livermore National Laboratory Electron Beam Ion Trap to measure X-ray
emission produced by charge exchange reactions between highly charged ions colliding with
neutral helium, hydrogen, and nitrogen gas. Our measurements show the spectral dependence
on neutral species and also show the distinct differences between spectra produced by charge
exchange reactions and those produced by direct impact excitation. These results are part of
an ongoing experimental investigation at the LLNL EBIT facility of charge exchange spectral
signatures and can be used to interpret X-ray spectra produced by a variety of laboratory and
celestial sources including cometary and planetary atmospheres, the Earth’s magnetosheath,
the heliosphere, and tokamaks.

The radiationless transfer of one or more electrons to a projectile ion from a target neutral
atom or molecule is known as charge exchange recombination (CX). Photon emission is produced
by CX when the transferred electron is captured into an excited state and that state radiatively
decays. CX plays an important role in a variety of plasmas and is believed to be a significant
X-ray line formation process in many non-equilibrium astrophysical objects. For example, X-
ray emission from CX has been identified or hypothesized as a source of X-ray production in
planetary atmospheres, including the aurora of Jupiter [1, 2] and the Earth’s magnetosheath [3],
supernova remnants [4], and the galactic center and ridge [4, 5]. CX is also believed to contribute
significantly to the cosmic soft X-ray background. In addition, CX produces a significant
amount of radiation in some laboratory plasmas, such as during neutral beam heating in
tokamak plasmas. Identification and interpretation of the X-ray spectral signatures from charge
exchange in complex sources, however, has been challenging because little targeted laboratory
data are available, and while in some cases agreement between theory and measurement is good
[6], in many significant discrepancies still exist [7, 8, 9]. To help better understand charge



exchange recombination and to provide benchmarks for theory, we have used the Electron Beam
Ion Trap Facility (EBIT) facility at Lawrence Livermore National Laboratory (LLNL) and a
NASA/Goddard Space Flight Center microcalorimeter instrument to measure the X-ray spectral
signatures of charge exchange. Here we present a brief description of the measurement technique
and selected results.

The LLNL EBIT facility, home of the original EBIT [10, 11], is well tested and has been
used in numerous atomic physics and laboratory astrophysics experiments. Most basically, it
consists of an electron beam, compressed by a 3 Tesla magnetic field, that creates and excites
ions, and a trap region defined by three drift tubes that confine the ions along the axis of
the electron beam. The LLNL EBIT can operate in two modes: the electron trapping mode,
and the magnetic trapping mode[12]. In the magnetic trapping mode, the electron beam is
turned off and the ions are trapped radially by the 3 Tesla magnetic field. This differs from the
electron trapping mode, most often used in EBIT experiments, where the beam is on and the
ions are trapped radially by the potential created by the electron beam’s space charge. For CX
experiments, EBIT is operated in a phase that includes both trapping modes. Ions are created
in the electron trapping mode, then the X-ray emission from CX is measured in the magnetic
trapping mode. Neutral targets are introduced continuously throughout the EBIT phase using
a ballistic gas injector. Figure 1 shows a typical EBIT phase diagram denoting the electron and
magnetic trapping modes and the spectra acquired during each mode.
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Figure 1. Energy (upper frame) and total counts (lower frame) versus EBIT phase time. The
electron and magnetic trapping mode portions of the phase are both shown. The X-ray emission
from charge exchange between highly charge Fe ions and N2 takes place during the magnetic
trapping mode. For this experiment, Fe was injected into EBIT using a laser ablation injection
system [13]. Each of the laser injection pulses can be seen in both frames. Between 0 and 0.1
seconds the ions are dumped from the trap and no X-ray emission occurs.

For these experiments, photons were detected using one of the microcalorimeter instruments
developed and built at the NASA/Goddard Space Flight Center [14, 15] and operated at LLNL.
In particular, the second generation XRS/EBIT was used1. The XRS/EBIT has an energy

1 For a more complete description of the microcalorimeter instruments operated at the LLNL EBIT facility, see
Porter et al. these proceedings.



resolution of 5− 6 eV at 6 keV and is able to measure time-resolved spectra. Time resolution is
necessary in order to “cut out” the electron trapping mode portion of the EBIT phase so that
the X-ray spectra produced solely by charge exchange can be analyzed separately. High energy
resolution is necessary to resolve high-n Rydberg states (see below).

Figures 2 and 3 show spectra produced by charge exchange between hydrogenic Fe25+ and bare
Fe26+ projectiles and neutral H2, N2, and He targets producing X-ray emission from helium-like
Fe24+ and hydrogenic Fe25+, respectively. Figure 2 shows the He-like Fe24+ spectrum produced
by CX compared to the spectrum from Fe24+ produced by direct electron impact excitation. In
the CX case, the 1s2s 3S1 → 1s2 1S0 forbidden line “z” is much stronger than the 1s2p 1P1 →

1s2 1S0 resonance line “w”, in stark contrast to the case of direct electron impact excitation.
This well known spectral signature [4, 8] can be used to identify the presence of CX as an X-ray
production mechanism, even using a relatively low-resolution spectrometer, such as a CCD or
germanium detector [16, 17].
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Figure 2. Comparsion of X-ray emission from helium-like Fe24+ produced by charge exchange
(CX) between hydrogenic Fe25+ and N2 and produced by direct electron impact excitation (DE).

Figure 3 compares the high-n Rydberg X-ray lines produced by CX between Fe26+ and neutral
H2, N2, and He. Note that the strongest X-ray line in the case of He is nmax = 12 → 1, while in
the case of H2 and N2 it is nmax=14 → 1. The lower nmax for the He targets is caused by the
fact that the principal quantum number, n, of the state of the ion with the maximum capture
cross section depends on the ionization potential of the neutral material [4]. Although these
results do follow the trend predicted by theory, i.e., nmax decreases as the ionization potential
of the neutral target increases, the measured nmax is higher than predicted. Our results show
that, given high enough energy resolution, CX spectra can be used to distinguish among neutral
target material.

Significant advances have been made in understanding the X-ray production from CX;
however, much work remains to fully realize its diagnostic potential, particularly in the case
of charge exchange with L-shell ions [18, 19]. Studies of CX will be especially useful in the
analysis of data acquired by future satellite missions, such as Astro-H, which will carry a
microcalorimeter similar to the one used in these experiments, and that will for the first time
provide high resolution, high signal-to-noise spectra of extended sources.
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Figure 3. Comparison of X-ray emission from high-n → 1 Rydberg transitions following CX
between bare Fe26+ and He, H2, and N2. The ionization potential for He, H2, and N2 are 24.6
eV, 15.4 eV, and 15.6 eV, respectively. The predicted value for n for the state of maximum
capture for the He targets is 9, and for H2, and N2 is 12 or 13. The collision energy for these
reactions is ≈ 10 eV/amu.
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